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SUMMARY

The allocated funding supported,_in part, experiments conducted on two Consort sounding
rockets and five Shuttle flights. The primary parameters investigated were signal transduction in
response to various mediators, cellular differentiation and metabolism in microgravity and effect of
microgravity on cytoskeletal morphology. Achievements include: demonstration of effect of
spaceflight on the actin cytoskeleton in mouse osteoblasts (collaborator, M. Hughes-Fulford) and
frog cells (collaborator, R. Gruener); confirmation that the T cell receptor-mediated signal
transduction pathway in T lymphocytes is not affected by low-gravity compared to non-TCR-
mediated stimulation (Con-A) which classically does not promote proliferative response; indication
that microgravity may allow separation of proliferative signaling and secretory function in
lymphocytes (collaborator, M.A. Principato); demonstration that T lymphocytes and bone cells
utilized less glucose indicating a shift in metabolism and confirming Spacelab results with WI-38
cells which used significantly less glucosse, during spaceflight; confirmation that activation of
human splenic B cells with a number of different mediators is not affected during spaceflight
(collaborator, G. Neil); demonstration of increased prostaglandin synthesis during reduced bone
cell growth suggesting an effect of microgravity on prostaglandin-induced mitogenesis
(collaborator, M. Hughes-Fulford).

The funding contributed significantly to the database described above and resulted in
submission of six collaborative abstracts (attached) in 1993 (five to the ASGSB Annual Meeting
and one to the ASCB Annual Meeting). Two abstracts were presented at the 1992 ASGSB Annual
Meeting in Tucson. In addition, several peer reviewed papers are being generated and data will be
included as background in preparation of future proposals, which hopefully will allow us to
continue this type of extremely productive collaborative research.

(Note: Achievements resulting from collaboration with selected investigators is described in the
text):



INTRODUCTION

This final report describes the activities conducted during the one year plus one year
extension granted by NASA Headquarters Life Sciences for the purpose of acquiring additional
data from flight experiments flown in 1991, 1992 and 1993. A summary of all flight results and
cell response data obtained from this $10,000 grant is included. This funding supported significant
cell biology research, allowed me to coordinate specific collaborations to achieve research goals,
and maximize capability to conduct basic research on space flights already available through my
position in the Consortium for Materials Development in Space (CMDS) at the University of
Alabama in Huntsville (UAH). Through my collaborations with selected investigators and their "in
kind" support, this funding was greatly expanded to provide very significant low-gravity cellular
response data. The primary advantage of this enhanced co-operative activity is frequent access to
space, collaboration with investigators in related research areas leading to rapid acquisition of data,
sufficient flight opportunities to allow confirmation of data and adequate replication of experimental
parameters.

The obvious wealth of information, gained in part from this two-year funding, illustrates
the extreme value of co-operative interaction between NASA's Life Science Program and the
NASA Centers for Commercial Development of Space (CCDS). The CCDS program provided
repeated access to space for muitiple experiments, multiple replicates, and multiple collaborative
investigations. These factors led to a rapid database expansion for a variety of cell types by
maximizing low-g access and providing relatively low-cost, frequent, multiple-user opportunities.
The benefit to the CMDS is expansion of the cell biology database on low-gravity response to
identify target products and processes which can lead to commercial space bioprocessing and
enhanced quality of life on Earth. The benefit to NASA's life sciences goals is expansion of the
understanding of fundamental cellular processes in altered gravity environments.

PROJECT REPORT

Research Objectives: The primary objective of this research was to advance knowledge of
molecular control mechanisms during cellular differentiation and to gain
understanding of mechanisms of cellular responses in low-g. The specific objectives
were to evaluate cytoskeletal structure in cells exposed to low-g compared to static culture
ground-controls and to gain information on early signal transduction events and gene
expression. These parameters were selected for investigation because of the reports in the



literature indicating that some low-gravity effects occur within 10 minutes after stimulation of cells.
These responses would thus be detectable for cells flown on sounding rockets as well as the
Shuttle.

The specific objectives of this pilot study were to maximize rocket and orbital
spaceflight opportunities to gain information on mechanisms involved in altered
response of human lymphocytes in low-g and to determine if similar mechanisms
are also altered in other cell types. Additional objectives were to evaluate the available
hardware for this research and to develop procedures to evaluate cells from more detailed
experiments planned for future flights.

Hypotheses tested: All terrestrial life and Earth-based processes have evolved under unit
gravity conditions and are therefore designed to make optimum use of gravity. For instance, the
countless single events which occur in a living cell during growth, differentiation and gene
expression have all evolved to take advantage of the unit gravity environment on Earth. In
theory, pathways of development would have heen very different if organisms
had evolved in the absence of gravity. This is validated by increasing numbers of reports,
as low-gravity research becomes more frequent and sophisticated, that gene expression,
metabolism and cellular functions are affected during spaceflight. We hypothesized that
alteration in gravity environment would produce detectable changes in the
cytoskeleton and signal transduction pathways resuiting in altered response of
cells to growth mediators during spaceflight.

llaboration

This research has been achieved through collaboration with outstanding investigators who
have contributed some reagents and analyses on their equipment in return for opportunities to fly
their cells collaboratively with me in order to achieve our common objectives. Obviously the
$10,000 funding could not possibly cover all of the work described in this final
report; however, the funding made it possible for me to purchase some reagents
and materials in support of the cell investigations described and to travel to the
ASGSB annual meeting where collaborations were established and plans for
research were discussed. The funding also provided some salary support allowing me to
maximize already available access to space through the UAH CMDS sponsored by the NASA
Office of Advanced Concepts and Technologies (OACT), to gain the utmost science benefit from
my spaceflight opportunities. This expanded report is presented to illustrate the volume and good
quality of research that can be achieved from combined support of NASA's space
commercialization and basic research activities.



Primary collaborators

Millie Hughes-Fulford, Ph.D., Astronaut and Chief, Laboratory for Cell Growth and Differentiation, Department of
Veterans Affairs Medical Center, Univ. CA.San Francisco. (3T3 Mouse bone cell differentiation and growth).

B. DeSales Lawless, Ph. D., Dept. of Cellular Immunology, Rockefeller Univ. New York (Cellular immunology
and flow cytometry).

David W. Sammons, Ph.D., Department of Microbiology, Univ. Arizona, Tucson, AZ (B cell immunology and
fixative investigations).

Garry Neil, M.D. Oakdale Research Park, Univ. Iowa, Coralville, IA (Splenic B cell differentiation and
immunology).

Raphael Gruener, Ph.D., College of Medicine, Department of Physiology Univ. AZ Med School, Tucson, AZ
(Xenopus cytoskeleton morphology and metabolism).

Augusto Ochoa, M.D., Dept, Clinical Immunology, Frederick Cancer Treatment and Dev. Cntr. Frederick MD.
(Human T lymphocyte immunoiogy).

Mary Ann Principato, Ph.D., Immunology Branch, Food and Drug Administration, Laurel MD. (Mouse T lympho-
cyte immunology).
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Cytoskeleton FEvaluations. Gross morphology of the cytoskeleton was evaluated by
immunofluorescent microscopy to determine if the elements are disorganized, if they extend to the
cell membrane, if regulatory proteins (i.e. protein kinase C) are associated with cytoskeletal
filaments and if stress fibers are visible. This objective was originally intended for human
lymphocytes. Because the equipment needed to evaluate the lymphocytes was located at
Birmingham and the collaborator accepted a position elsewhere, this part of the intended study was
shifted to collaborators working with different cells, i.e. mouse osteoblasts (Millie Hughes-
Fulford) and Xenopus cells (Raphael Gruener). The objectives were met in that we
showed that the gross morphology of the actin cytoskeleton is significantly
altered in low-g in both mouse and frog cells. This objective was accomplished through
cooperation with Drs. Hughes-Fulford and Raphael Gruener. We did not evaluate translocation of
protein kinase C along the cytoskeletal elements. This remains to be done.

Antigen-antibody binding in low-g. The demonstration of binding of antibodies to cell
membranes is significant because it allows us to identify cell surface markers and evaluate
membrane binding by ligands in low-g. Mixing cells with antibody specific to a particular cell
surface marker to determine if binding is comparable to that in 1-g (i.e. if cell surface receptors are
altered by low-g) was achieved on STS-43. (This was attempted on Consort-4, but the hardware
anomaly prevented evaluation of this parameter). On STS-43 we demonstrated comparable
flight and ground binding of stem cell antigen (SCA-1) antibody and Thy-1
antibody to mouse bone marrow stem cells and also demonstrated that our hardware (the
MDA Minilab) is adequate for this type of cell test.

Mechani . . A

primary objective of this research was to determine why cells do not respond well to Con A
stimulation during spaceflight. Our experiments with human T lymphocytes confirmed low Con A
activation but significant secretion of cytokines. We showed that activators of T cells which are
mediated through the T cell receptor (TCR) were not altered in low-g, though Con A response is
altered. Thus, we have confirmed by inference that the reduced Con-A activation is a resuit of
early membrane associated reactions, probably involving phospholipase C as suggested by work
of Schaffar ez al using phorbol esters. The following abstract, submitted to the annual meeting of
the American Society for Cell Biology (ASCB) summarizes our lymphocyte investigations.




EFFECTS OF MICROGRAVITY ON LEUKOCYTE GROWTH CONTROL AND FUNCTION. ((M.L. Lewis!,
M.A. Principatoz, B.D. Lawless3, D.R. Morrison?, W.C. Kapps, S.L. Strobl’ and A.C. Ochoa’)) Department of
Biology, University of Alabama, Huntsville, AL 35899, Immunology Branch, Food and Drug Administration,
Laurel, MD 207082, Department of Cellular Immunology, Rockefeller University, NY, NY 100213, NASA
Johnson Space Center, Houston, TX 770584 and Program Resources Inc./DynCorp, Frederick MD 217025,

Spaceflight results in significant reduction in mitogenic activation of human T lymphocytes. Causal mechanisms
are not understood though cell contact and macrophage function are implicated. We evaluated microgravity effect on
lymphocyte responsiveness, cytokine secretion and signaling through the T cell receptor (TCR) complex. Human or
murine T lymphocytes were exposed to: non-TCR binding Con A, an efficient activator of resting T cells in unit
gravity but not in microgravity; anti-CD3 plus [L2; and superantigen Staphylococcal Enterotoxin B (SEB) in the
presence of Class II presenting feeder layers in unit-gravity and on Space Shuttle flights STS-50, 52, 54, and 56.
Cells were exposed to mediators for two to 94 hours followed by fixation of flown cells in microgravity. The human
peripheral blood mononuclear cells (hlPBMC) exposed to Con-A remained primarily in G1 during spaceflight while
ground controls progressed through the replicative cycle. Glucose utilization, significantly lowered in spaceflight,
confirmed reduced metabolic activity of Con-A treated cells. However, stimulation of normal hPBMC in flight with
anti-CD3+IL2 resulted in activation and appreciable cytokine production (gamma-IFN, GM-CSF, IL-1beta, and [L-6)
confirming previous flight results indicating significant changes in cytokine secretion. Stimulation of purified
murine splenic T cells through direct engagement of the T cell receptor with the SEB superantigen or via the TCR-
associated CD3 molecule using anti-CD3+IL2 was also achieved in microgravity. In both instances, the murine T
cell populations transitioned into DNA synthesis (S phase) and mitotic division (G2+M), indicative of cellular
proliferation. We conclude that T cell activation via the TCR-mediated pathway is unaffected by microgravity while
non-TCR-mediated activation, confirmed by poor proliferative response to Con A, does not promote cell division in
microgravity. Our results suggest that microgravity may permit separation of proliferative signaling and T cell

responsiveness and thus provide an unparalleled opportunity to investigate basic cellular mechanisms controlling
growth and function.

ressi f c- nd c- This evaluation is based on the report of Reed et al. (1986)
that lectin-stimulated mitogenesis of normal human lymphocytes results in sequential expression of
protooncogenes and that after stimulation of peripheral blood mononuclear cells with
phytohemaglutinin (PHA), a marked increase (within 10 minutes) occurred in levels of mRNA for
c-fos and c-myc. Also, a decrease in expression of the fos proto-oncogene in simulated low-g has
been reported (Rijken et al.). Evaluation of early gene expression is feasible because the increase in
mRNA occurs within 10 minutes, a time easily achieved on rockets. This objective was only
partially met. We had difficulty working out the details of the Boehringer non-radioactive
technique and found it to be generally unworkable in our laboratory. We are shifting our emphasis
to PCR and to in situ detection using a radiolabeling technique. We plan to continue development
of the technique for use with cells from our next three Shuttle flights and Consort rocket launches.
Phosphatidylingsitol Hydrolysis. An early event in lymphocyte activation after receptor
binding is breakdown of phosphatidylinositol-1,4,5-biphosphate (PIP7) to inositol-1,4,5-
triphosphate (IP3) and 1,2-diacylglycerol (DAG). Modifications of this assay are in test since
timed steps in the assay do not correspond exactly with the possible reagent exposure times in low-
g. This technique requires short incubation with specific reagents which we could not accomplish
on the Shuttle and by the time the rockets were recovered and samples returned to us, the samples
were not testable. We are looking for a more workable technique. Of course, this would be
achievable on Space Station where a technician could perform the required activities in real time.
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MATERIALS DISPERSION APPARATUS (MDA) HARDWARE
Hardware Provider, John M. Cassanto, Instrumentation Technology Inc., Exton, PA

The Materials Dispersion Apparatus (MDA) Minilab, (Figure 1) was commercially developed
by Instrumentation Technology Associates, Inc. (ITA). The MDA Minilabs are brick-sized units

consisting of two sliding blocks with sample wells cut into opposite faces. The blocks, misaligned
~ during launch, slide to bring fluids in the wells of top and bottom blocks into contact during the
low-gravity period. For the Type-3 wells, the blocks slide again before re-entry to bring the
samples into contact with wells containing a fixative. Volumes in wells vary from 125 to 500
microliters depending on the diameter and depth of the wells required for specific investigations. A
block may have as many as 140 well sets and thus adequate replication of test parameters and
experimental variables control are easily provided.

7ITA‘s Materiais Dispersion Apparatus
(MDA) MINILAB

Locang Pins

Book Mander Viewe: -
Prom tor Frgr:
Operguers

Figure 1. The ITA MDA Minilab.

Well configurations (Figure 2) allow mixing of two (Type-2) or three (Type-3) fluids in

microgravity. Type 1- wells do not allow mixing of fluids and remain in the same position
throughout the mission.
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Figure 2. Diagram of Type 2 and Type 3 MDA well configurations.

Several science-driven modifications to the MDA's have resulted from my requirement to fly
live cells. These modifications include fabrication of blocks using clear material to increase
visibility during loading and unloading wells, triple containment to allow flight of NASA~classified
catastrophic fluids (chemical fixatives), strip heaters and a precision thermostat to maintain 37°C,
and grooves cut into the wells to accommodate small coverslips for anchorage dependent cells.
With these adaptations, the area of cell biology research in the MDA's is now possible. Another
significant CMDS contribution to the refinement of hardware design to accommodate
fluids/particles mixing, was the placement of magnetic discs under bottom wells and addition of
magnetized particles with the cells, or other materials, in top wells.

Bioprocessing Modules (BPM)
BPM's (Figures 3, 4, 5) are included in the materials dispersion sub-category. The BPM's
are simple, manually operated devices. They consist of four syringes interconnected by tubing to a

Figure 3 Side view of a Bioprocessing Module double bagged in FEP Teflon.



4-way valve. One syringe contains cells, another
contains a growth factor/mediator, and two syringes
contain fixative. The valve, turned by the astronaut to
pre-selected positions, allows injection of fluids from
one syringe into another to mix materials at specified
times during the flight. The BPM's provide a larger
volume (6 mis) of cells or other fluids but allow for
only two samples per BPM rather than the typical
MDA which provides up to 120 samples of volumes
of 0.125 to 0.5 mi. BPM's are triply contained in
flight-certified sealed bags to satisfy NASA safety
requirements. Figure 5 shows BPM's on CMIX-1
operated by Lacy Veach.

ORIGINAL PAGE IS
OF POOR QUALITY

Figure 4. Bioprocessing
Module (BPM) with 4-way valve.

Figure 5. Astronaut, Charles Lacy Veach operating BPM's on STS-52.



Other Hardware

As a courtesy and exchange
between NASA's CCDSs, I
have the opportunity to fly
experiments in the Fluids
Processing Apparatus (FPA)
(Figure 6) of BioServe. To
date, this has included
experiments on STS-50 and
STS-54. The FPA's consist
of a glass tube with two by-
passes formed along oppo-
site sides to allow fluids to
mix between three chambers
which are separated by septa.
Tubes are placed in lexan
cylinders for triple contain-
ment. Experiments are acti-
vated or fixed by pushing a
plunger on a manifold.

T mmercial Refriger

FLUIDS PROCESSING APPARATUS (FPA)

LEXAN SHEATH GLASS BARREL
PLUNGER BYPASS /

R\

SLIDING SEALS

CHAMBER A - PRECURSOR MATERIAL
CHAMBER B - INITIATION FLUID
CHAMBER C - TERMINATION FLUD

Figure 6. The BioServe CCDS Fluids Processing Apparatus (FPA).

r In

CRIM's are made available to the CCDS's through NASA's Office of Advanced Concepts and
Technology. This controlled temperature refrigerator/incubator module fits into a Shuttle middeck
locker and maintains an approximate set temperature for pre-launch and on-orbit operations. A
CRIM carrier, made by ITA, fits inside the CRIM and provides attachment points for the MDA's.
The BPM's are stowed in spaces between the MDA's for launch and landing and are de-stowed
for on orbit operations. Figure 7 shows a diagram of the CRIM and Figure 8 shows the CRIM
carrier fabricated by ITA with four MDA's, the controller and BPMs stowed as flown on CMIX-1

and CMIX-2.

10
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MDA MINILABS IN CRIM CARRIER FOR
CMIX-1 & CMIX-2 MISSIONS

Figure 7. The CRIM Figure 8. CRIM with CMIX Payload.
3. D FL E N T
_STS-43 (August, 1991); This flight in August 1991 validated the use of ITA's MDA

minilabs for cell biology experiments and provided the preliminary information for the FY 1992
experiments. The STS-43 experiments were flown on BIMDA-2 (BioServe sponsored flight of
ITA's MDA minilabs) as a joint BioServe/University of Colorado CCDS - ITA payload. On this
flight, in addition to ITA experiments, the CMDS flew mouse bone marrow and human
lymphocytes which were evaluated after flight for immunologically detectable markers. Results
indicated that cells maintained their antigenic identity. The flow cytometry profiles of mouse bone
marrow cells fixed after one day in low-g and evaluated to identify the cell type by surface markers
show comparable populations of stem cell antigen (SCA-1) and the immune cell marker (Thy-1)
positive cells for both Earth-based and spaceflight cells. This significant result validated the

MDA's for experiments with live cells. Summarized results of the various experiments
flown on the BIMDA Payload are shown in Table 1.

11
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INSTRUMENTATION
TECHNOLOGY
ASSOCIATES. INC.

STS-43 MDA Experiment Results

FIELD OF STUDY/APPLICATION

EXPERIMENT

FLIGHT RESULTS

Biomecial/Biophysics
Biomecial/Biophysics

Brine Shrmp Oevelopment
Wasp Developmaent

Bone Mainx Fotrmation
Bone Dacaicilication

Coflagen Assembly on Bone Mati

Unsuccossiul.Ory shiimp never contacied water 1st Ume ned in MDA,
1 wasp haiched on oitil and was alwe oul of 50 wasp pupas.
Decalcifiod bone digested during fiight.

Reduced rates of in vilro bone mineral removal.
Collagen_polymerization occurred on bone mainx.

Cell Biology/Fixation calibration data
Coll Biology/Plant Studies
Coll Biclogy/Test of magnouc mming

Fluld Scluncetrbiomudical

Fluid Sclences/Calibration dala
Fluid Sciences/Calibration data
Fluid Sciences/Calibration dnla
Fluid Sciences/Dittusion

Macrephage Actvaton
Ceall Fixanon

]

ymp! o4

Fizative ked 10 pras conain of celis in space
Mustard Spinach Snod Gorminanen  |Sprouts were formed in some sampies.
Coll Mixing L mixing was validaled. With 9 mixing,
— —_ - 77-94% of coils mixed - wihout, only 20-38% of cells mirod,
Yoast Dillusion Diltusion successiul
Particle Dilfuston Diffusion succasstul
Trypan Blue Didlusion Diltusion successiui
Diftusivity of Colls O g ditfusi
Aquesous Copper Suitate Diltusion Dilfusion successiul

Molecular Biotogy/Artilicsal Implants
Molecular Biology/Pharmacsutical

Collagen Assombly
Lipesoma Formaton

ORIGINAL PAGE IS
OF POOR QUALITY

Biology/Phar Virus A Y Not avaiable
Moiecuiar Bioiogy/Pharmaceulical E. Coli Devoioprnent E. Coll multiplied fasier than controls
Molecuiar Bioloqy/Pharmaceulical Clot tysis
Plant Biology/CELSS"

Baclenia & Algas Metabolism

Not_available
Successiul collagen polymenzanon
Liposomes {ormed larger than ground controis

Successtui_iysis of librin _clots by urokinase

Altaifa & Clover Seed Getminalon

Protein Crystal Giowth

Protein Crystal Growih/

Breast Cancer_Research

Double Dilfusion Crysial Giowih
Lysoryme Crystal Growih

Rabbit Aldolase Crystal Growlh
Urokinase Crysial Grawlh

Baclenal Aldolase Crystal Growih

Osmolic Dewatering Crystal Growih

Some_sprouls formed, but Overail much less sprouting than on STS-37.
No crystals formed

Some crysiais formed

Large, diliraction quaiily crysials formed

O 9 conceplt dated. High quality crystals formed.
Good fesuils. 2mm pyramd-shaped &fydlais lormed. Unitke form on earth.
Small kragile crystais formed in B days. Too emadll ior x-ray difiraction.

On_ground, it takes ~6-9 months 10 form same crystals.

Holes: '

CELSS = Conlroiled Ecological Lile Support Syslems {lor Space Statwon, Lunar Base, elc...)

1. ARk MOA's performed successfully, no leakage or Cross conlaminalion was seen.
2. 21 out of 22 expermenis were successiul.

Table 1. STS-43 Experimental Results.

1

rv

1992); (Flown as a CCDS to CCDS courtesy using

BioServe Fluids Processing Apparatus {FPA} hardware). Human lymphocytes were flown in

collaboration with Dr. Augusto Ochoa of Program Resources, Inc. at the Frederick Cancer Center

in Frederick, Maryland. The cells were loaded into the BioServe Fluid Processing Apparatus
(FPA) tubes (Figure 6), mixed with a growth mediator for 4 days in microgravity and then
mixed with fixative. Resuits indicated that the cells remained sufficiently viable but did not grow

when exposed to the mediator at the low temperature (25°C) on this mission. A subsequent test
was conducted in January 1993 at 37°C on STS-54.

_STS-54 BioServe CCDS (January 1993): This experiment was a repeat of the STS-50
investigation with the exception that the FPA's were maintained at 37°C, this temperature permitted
lymphocyte proliferation. Identification of cell surface markers for activated cells indicated positive
human cell activation by OKT-3 monoclonal antibody in the presence of exogenous IL-2 in space

and ground controls. Flown cells appeared to be activated less than ground controis but secreted
significant levels of specific cytokines into the medium. These results are consistent with other

12



data indicating retarded growth of cells in space but inconsistent with data from cells stimulated
with another type of mediator (Con A) which produced higher levels of some cytokines (Interferon
gamma) in microgravity compared to ground controls (Chapes, S.K., D.R. Morrison, J.A.
Guikema, M.L. Lewis, and B. S. Spooner. "Cytokine production by immune cells in space”. J.
Leukocyte Biol. 52:104-110 (1992)). The difference in the activators used may accounts for the
difference in cytokine secretion (See abstract on Page 5).

Consort-5 Sounding Rocket (September 1992); Live cell tests flown on Consort 35
indicated that the MDA's adapted to accommodate glass coverslips and maintain 379C
temperature performed flawlessly. The cells, including mouse bone, Xenopus (frog)
muscle/nerve co-culture, and CV-1 (monkey kidney cell line), remained attached to the coverslips
for the total mission profile. This was an extremely significant evaluation since the MDA's were
proven to have a new capability to accommodate attachment-dependent cells to be flown on
subsequent Shuttle missions.

Table 2. CMDS EXPERIMENTS FLOWN IN THE MDA MINILABS ON CONSORT §

SAMPLE INVESTIGATOR/COLLABORATOR/LOCATION RESULT
Primary human lymphocytes M./ UAH Remained viable, MDA validated
Monkey kidney cell line M. Lewis/ L. Binder/ UAB No cytoskeletal data obtained
Human B lymphocytes M. Lewis/ D. Sammons/ U. Arizona Fixative tests feasibility
Mouse osteoblasts on cover slips M. Lewis/ M. Hughes-Fulford/ UCSF Validation of MDA's for coverslips
Mouse bone marrow M. Lewis/ B. Lawless/ Rockefeller Univ.  Validation of MDA, cell viability
Amphibian cells (Xenopus) R. Gruener / U. Arizona Validation of MDA's for coverslips
Algae (Diatoms) P. Nerren / UAH | Student experiment data obtained
Copper sulfate J. Baird/ UAH Fluids mixing in low-g data |
STS-52 CMIX-1 Payload (October 1992): The first flight of the Commercial MDA ITA

Experiments (CMIX) Program Payload was accomplished in October 1992 on STS-52. Table 3
lists ITA commercial users and Student Space Education Program experiments, UAH CMDS
affiliates and experiments, and describes experiment rationale and potential commercial applications

for the CMIX-1 Payload. Additional UAH CMDS experiments not listed in Table 3 are shown in
Table 4.

13



T T 3
%?‘ISiliilg‘!i-&eﬂikni.l o .
Osus rENges Vo ureB 0) BguE0 O [, o spoepe Azae i moy LoMS| urnBunung Twegay o Arcasun & SOO08 ropusg et ) KO BUSIURLOSW voponpsuen jeubis| 6
VO TREONS G0N PU
RIS SRR VO SREURC: Y
Wowdaesep ouo) Wewicesep
‘swepuls ppow jeo Buen wegns w8 orapua ‘Ao et praded
-gﬂlglu!sl‘i!. o Buapeey e snapes| (5000 wesorg) Aytsenun) oS KFTLTy Jeucods uepg '10] Iid.’l%l.eﬂi-‘iu [74
ill}!il}!li{!{isﬁ!il!%
VOISR LIGD SN B LN PP . u 0 10 SDOpS L POy BuozuY 10 Arsiaamn THYTT ¥ SOND) sevenun) erydey) 5 GMY Tt 0 oy pe) SpWISeeN] L2
.iii!‘l‘i’l:ﬂ-i%sgtg
!}!lli.l‘i‘l!ﬁ-el!o!-lll!:o-r.l:u.!‘!ig guli;idl!%?gg!wgu wowrs g A0 BN A 1 ‘ee) TH swtodewy §9) sunwun] 8,
Agrer BN W eeUCIIS: P 230 30§ VYUY 00 0 Suapuresiopun meu ¥ & Buspe ey “wyeEQ ) ot
o yons “ewsmaio Bupea 10 ey Buppy (0 ESUSHP 14POg 8l URDUNY phoodeyd smnmea’ woA men ‘Arswur) 1ege1epot] HYIN W SOND) ssapr) QB 20 MY TN IO L eud
.i.isvli!l!!-‘-{.!li 1009 ] ISP UTRSRIIPY RINIA " SSONY
gt%‘i!i%li}llizgil‘ ii.*iiitgnil
1.!3&5g-:ﬁoo.ta.oi»-ﬁ.u,lsSc!.o:ﬁ?‘:ﬂ-.&!=-o~=3..!_13 30!235%!‘!!%&, v!‘u%i.ﬁ.{ogEgsiunszﬁ [ 24

Tisar €] seisKe umorD yuee ugm wel sirdwoo pur [Tiew Ul mind jO Hels.

“speme o
ses e PhLICD 8 PN $PIOS N ) I8 “FeMONDm ERHO EEDHOLS J0 SRIS SISy (OO TDUOLJ 0] FEOAIUTD) Ble D) KIRRITY FPY0Y podeoeds
et pUNCID 01 pe OO Put P = sBuppimy g wewdomnep Aae 1003 Yl spasi)
104 14 Yeremues eded Koty TpYoy) podeeds

spege AgawiBonpy Moy SR I8P OF 000 Jurns SRS Tjwelry Aup Uey 0 ihueny|
qrows B SIABAA ‘eI DT 30 vouEEM S

[ AsSN) Aepog soeds P
SO0PG Astief moN YWUOATY NFSLS]

‘uewnedre NS FEUAS YR FIVP SACNOD UMOI0 LTS Y swoxds umorS-ewds ¢
.o‘l‘llltis-‘zigi.l?lriil.!ﬁﬂ-n( yejue
_.zSoB._?a-?-w!oﬁmca:»i%: i_.u_é.!!ui:ou_.no.ooﬁm

wed oy jo suonpsouel susSeONT o Brdord o1 umoy 8Q i SnEtH 1=l

ll Vil WORO MO0 AVERRING WEIRM 1Py )0t POL -

S¥Un vOWt 10 Uopun] sedoxd Koea toms Bojviin S revBew PUE VoSO Finby pinbY Uo REP WERO)]
sgun y(ry 10 uapung edosd Anea seer Bumiw aeubew pre LoD by pinby Lo TP LT viN SPB ALY SO ‘ORI WNOF
sopnis Aquesse dueBio viy opRAY SUTI) AUORRTID) SNEA S
ureirps sords uo BunyNd 0 1Y suogeoyddy Bumnw pe2 § spmy §O |CIND ss000d o uorresonde )| Ty ORASIUNH vewTY] sne ] LRI SQUTWERITA WE X
ot w iy ®2 PO 10 nsrew PIAQ

wfysowds u ABoy r 3 srperedde jo [oRuco Awenbraee) uarEni ) 0pRION0D 'pNOg OPRITI] 10 Ayt oA poos Fed
vorpuny Snie e dde 10 |onuoo Amprbasies unsning VLIHOPRITIOD) “Fepog ‘opeIN) 8 Annsesuny owwesE) Wor PPOL Ied
‘SN YORY 10 vopung sdoxd Auep seses Bumiw sneubEw PUE UCISHID Pinia) pnbY UC FIFP WEK0) oprswe, 10 rv1opnog apescreD o A "y unzwoy PN K0/ PPO) e
weiskeo Aupenb voipw P WERD) BRIy USUCIAA JO ARSISMUR) / MQINOY-OETI00]) 1O 1Y unzssoN previl QAN T/ PPOL IPRd ¢
ABayoc wrewd Koo 10y e ¢ 3 L o wershsa e Vivepnop ‘apeiaed jo Aysieauny wpuny O ‘PPOL g

oo serem jo Aprils 10 SEILAD 8213 WINUAKEN yiprepmog ‘opeso] 1o Awtssaury unTwoy PR IGPPOL Ped
vd 'Uo3 '] epRog ‘opeoe) jo Ausearuny nISONRADR] ‘KPPOL Fred

WNG HI SRIW] SWATUS Sl MOy SUININISD O el spmbept URRD)|
edn30m pUY $/05U88 U L0 10y Auae Sornw uf soweeq ewliu3f L TLIEPTIED Theay ‘UOOWP3 "IOUNY) \DReESY TLEQY|
SHITIONE |0 SININAT BA UP SOOD HEm PRIPLIOTSE STOU Jqeued jo Buipueitiopun mogy | epaury) TanUop jo Aysseaun ypenlig ueliny -
Aews reiprag “syskeied suihrue jo B 01 10 atc O k
saprus Aquesse opebiou| AN UYL

Buys 30000 SOWDE WON SATY Jpodang seuedox] meu Frym our 0|
!.uiu.ltov.l‘B‘B‘!}ilgsgslniisiigld
¥ W10URALIOY) IILBI0G / Speuority 3

Table 3. CMIX-1 Experiments Conducted in ITA's MDA Minilab Units on STS-52.
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Table 4. Additional UAH CMDS Experiments flown on STS-52 not listed in Table 3.

o Potential Investigator
D i Experi Co al licati A filiat;
Bi ing Module Experi )
Immunology T lymphocyte activation Therapeutics D. Morrison, NASA/JSC Houston
Immunology T lymphocyte different Therapeutics M. Lewis, UAH
Additional MDA Experi listed in Table 3
Cell differentiation Bone marrow cell growth Transplantation B. Lawless, Rockefeller U. NY
Oxygen regen. Algae/diatom growth Closed life support  P. Nerren, UAH
Fluid dynamics Diffusion Materials processing J. Baird, UAH

" Four MDA's were flown in the Commercial Refrigerator/Incubator Module (C-RIM); two were
filled with CMDS investigators and affiliates and two contained ITA's commercial customer
samples. Table 5 lists the CMIX-1 hardware flight configuration.

@}agm FLIGHT CONFIGURATION ON CMIX-1, STS-52

1. Four MDA units plus controller and CRIM carrier in CRIM* at 20°C

« Controller provides power and commands to operate MDA units

2. MDA units are qualified for 2 levels of containment

3. MDA-4 will be heated to 37°C and be in a lexan 3rd containment
vessel for UAH cell research experiments

4. MDA controller is velcroed to CRIM carrier for easy removal of
BioProcessing Modules (BPM's)

5. MDA's 1, 2, and 3 have the capability for manual override
contingency on-orbit operations

6. The four MDA units will provide more than 300 separate data
points on STS-52

Table 5. Flight Hardware Configuration on CMIX-1.
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Unfortunately, due to an elevated temperature in the carrier (the NASA provided CRIM), a
temperature excursion occurred causing an overtemp by several degrees during the first days of the
CMIX-1 Payload operations. Because of this anomaly, much of the data obtained from this flight
were inconclusive. Post-flight analyses determined that the higher than acceptable temperature was
due to a derating of the CRIM fan to run 50% slower in order to meet Shuttle acoustic
requirements. In addition, the CMIX-1 Payload was placed near the galley and water
heater which appear to generate significant heat to proximally located Shuttle
middeck payloads. Modifications to the CRIM and location of the CMIX Payload far away
from the galley and water heater were beneficial results of the lessons learned from this first
mission. These modifications were incorporated in the second flight of CMIX on STS-56.

Ten BPMs, (Figure-4) were also flown on STS-52. The BPMs, removed from the CRIM and
attached by Velcro to a beta cloth bag placed on the flight deck, were maintained at ambient Shuttle
temperature. The BPM experiment, in collaboration with Dennis Morrison, NASA/Johnson Space
Center, included human and mouse lymphocytes mixed with different growth mediators and fixed
at selected times during flight. The cells survived with viabilities of 70-80% and provided
information for the design of the subsequent CMIX-2 Payload.

TS- -2 1 April (1
L
CMIX-2 was essentially a repeat of the CMIX-1 Payload. Tables 4 and 7a list experiments con-

ducted in the [TA MDA Minilabs. The payload was launched on STS-56 on April 8, 1993 and re-
turned after a nominal nine-

day mission. CMIX-2 car-
ried four MDA's and con-
sisted of 35 separate exper-
iments (25 commercial or
student-affiliated investiga-
tions for ITA and ten cell
biology experiments con-
ducted by UAH CMDS and
collaborating investigators).
Approximately 400 data
points were obtained from
the four MDA minilabs.

Tigure 9. Astronaut Ken Cockrell actizating MDA's.
Figure 9 shows Astronaut Kenneth Cockrell switching the MDA controller to activate CMIX-2
experiments on STS-56.
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Table 6. CMIX-2 Experiments Conducted in ITA's MDA Minilab Units.
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Table 6a. CMIX-2 Experiments (continued).

Aupatsboriw|
W Awse pornpuad aq kv ipeps sassasosd SIUEUAD ping enbein (o siseq sy & SKL ApaesS gun
Wt eI RIS ST SPi “ApaesBoronu u Buyu pue pes o “n HYN ® SOND|
SWORP 9 Sepeds omy 1 ANINAS PUE VONETIICNE]
wanns ol sqpm i ey ‘voronposd veBiro sop ks yoddns em -
HYI @ SOMD

11 miseiodusos B 51 acn ripnd g seGnsass o) umor Buwnq 8 (0B pazrscrms) SWoryy

swnpids gopow o Tusn
cawarr; pur sanssaoond g sesnes eaovod o) osinboe sseqerp o Gunpey Spinumiaden Sooira

wounsedwe uorsurdra esrgriep v Apeiuud s Sy

JPADE IFINO DU B DO 10) LI IRIDSTWS OMA 1IBPOW of Pashn Buunq 8w {6ail) S0 UPKdWY|
yerun] rep Ayl o B 1N o awos e Aew B ooy

6 moy w9y Buoy eonnusdxn!
T 10 Buminars s

O SITTHNAIUN 1K B30 Jrery 10y 6 oo dsal eunwnur o
passauihs Bonnu o pesmea 1 250 Eeipsiod 1) sadA) gv3 PRI DU SINNIAD J0 1IINPOL]

Aqeraam SIeRop Uom (R13ASS I PIEUNISS I PasSPn)

3 paalord uonemieitsues) ;molrei 8uoq of svoemddy }aUeD ST U RUA| BLIDN)
1o waunean w agerddy  Adesagiowayd jo vonepel Jaye UsHSAS QUL JO UONNIISHOINYH
“Agsnpu onnsoTuLg) Apapte eyl )

4sosodoaiso peseq ue3 o 1OWIP3N S LI PUB SSOf BUOQ BAES eeds 10 UCHEDOWS! Wt 5t vogesgdde:

Apsanni) APIG SRy

euo2UY 0 Arssaaniy Hvn © SAND)

waany P ARTIOAIIE IV I SOWCD

WIoa MmN ARSISAUN S3RIPoY ‘HYN 1B SOND|

ORI (ENPOYY UCHEIASIURIDY SURISIIN|
*459N “(HvN) eweaary ‘s A A )
o 9 (SOND) eoeds u dojans() SfEUSE 101 2 progng-serbni N g 'SMe) TN XD vonenuaroirg 39 o] 22

sonpeudg pryjy CEC

paeg sawer 0|
unnng) kg W swocl 2€
UOIE 7HICONS 630|MNS pue
worep '
- ouoq ‘wawd
wng e i) mxmuens ‘Aquerse-ges prsded
sy veng 10| 1ema Butmw Jpnlaw uEnipp Spnt i 14

Jovans)) erdey 3 ST TN 0|

'O AN ARD i Bee) TR 0

ssewe) 08 /9% TN 0

suonoese ) MosnuvEN] 0L

asnodiigg B0 mnuRul 62

dv3 I°D wars didrodk ] B2

g b o1 min in sBp of $asuadas paaa) e (o Bunnains  pawman srsondonr)

Yo [ ST ag) BIROUMIBTN S 1310 PaTpNIS A4 M SIS §70 PooIa th S2biR1 5]
rdrbad g pUe ORFWO) ‘BINIDY URIPR S8 (INS UMY 3] iM SPaIs Amp jo himmn v

SWOONISIHL Ppasnriun

PR M JO oIl s pre ch op Gornu v lmog A pm wnipsAul Inooysnpy|
sied

MMy peay jo _sieag, prwp jo aies Abojoydrowr vo B o1RN [0 12210 AUMININAG

gé%ﬁ%ﬂ%%

Aredwo?) Impds Jurms @ IIjof j00PS B ALY

Ansiar man 'poypS MPPed B evossy J19-SIS
epuoL) APMIOS SIBHO TPUaLd vodseds

TEUNEAM W Ior 10 POOMA M PR A

1epory 9og)

qung v SRONOg W TumH 1 P

sys ‘sudems g LOr AVIaIEd GPG N epsivg

pe@ Ay 1eqag () Meprepl Sy Uy J UstaH Si|

oz ' volbuguopm 1 vousany

o WON 'V AR T ISMou0sz) ‘| PPPOrD 3
‘einky @ UBHNY 1N URSE PO AN eWUeD) L8Oy

Iy ouabng rpy poobond e0p3 |

Aauoy ¥ saUeuD WY

“KBoroudbori 110 Pootd Pay tewnH|

. s n 566+ af vedAY YOI o) Kol Aassor many 2 OAG YoH ! Burpomty 663 s
sprw 8q g sussired Aewpesny Lo £10088 W Buay Aur Vo spIWSSISSY e VO
wend oy) (0 Suoe10uaG RAISSaTINS BIEbedord of Moy 80 i ANSSIE BAIDNPOKIN PIe SPADS) 10oUS UBH ABNSEDON d I 10) Vd SSISERN 10 DUIS] 100t SRR 3 PAEQ IV R M NS T uononpoxdey edey exs3eN] 02

92
eovds wr spads] 52

MOID) AR WooRISON B2

amny ut spD eesH| g2
Gunpieys 663 usid] 22
2

RYU50Hd ROUVINas 3545 INFan1s vil

InIpNAE
avpy m—
R e L e A T

edS i tmamdoya il
SIRISSERIY SE WRERINDe )

L sjun qeiuiN van s.v.1l
up pajonpuo?) susawiadx3y g-XIND

ONISZLVIDOSSY
ADOTONNIIL

NOTLYINIWNNISNT

—

18



The objectives of UAH CMDS CMIX-2 investigations on mouse, human, amphibian and algal
cell cultures, and ITA non-proprietary investigators on collagen assembly, seed germination, mi-
croencapsulation, fluid dynamics and protein crystal growth were to expand knowledge of low-g
response and to identify potential processes and products which can benefit form space
bioprocessing. One MDA was adapted for cells on coverslips, 37°C incubation and triple
containment. Three MDA's operated at 20°C for plant and amphibian cells, protein crystal growth

and other bioprocessing experiments.

Significant information was obtained on mechanisms of bone and immune cell growth and
function. Altered cytoskeletal morphology in both mammalian (Figure 10) and amphibian cells
(Figure 11) confirmed cytoskeletal sensitivity to gravity.

In collaboration with Millie Hughes-
Fulford, we showed that the actin cyto-
skeleton of the flown mouse osteoblasts ap-
pears bunched and the cell shape is drastically
different from the ground control. This data
indicates that the cytoskeleton in these cells is
extremely gravity sensitive. Implications are
that cellular function may also be drastically
affected in low-g. We also confirmed resulits
of Skylab experiments which reported reduc-
tion in glucose use during spaceflight. Our
future experiments will utilize this mouse
bone cell model system to test compounds
supplied by a leading pharmaceutical com-
pany which are designed to prevent or control
space Osteoporosis.

Similar results were obtained with the
Xenopus muscle cells of Raphael Gruener.
Flown cells showed decreased actin filament
linearity and increased actin filament "ca-
bling" as shown in Figure 11. These
data are interpreted to mean that the
cytoskeleton may be involved in grav-
sensing by single cells.
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Figure 10. Mouse bone 3T3 cells grown on cover-

slips in the MDA wells in ground-based (Top) and
tflight (STS-56) (Bottom). (Photographs. provided
by Dr. Millic Hughes-Fulford, UCSF).



In typical ground control tests, frog cells utilize yolk platelets as a source of energy as they
grow. The flown cells were smaller in size and had an over-abundance of yolk platelets indicating
a significant slowing of development in space flown cells (Figure 12). These data imply
significantly altered development on nerve and muscle cells in low-g and may serve as a model for
drug testing and cellular mechanism definition.

Figure 11. Xenopus actin cytoskeleton of Figure 12, Xenopus cells from ground
confrol (Top) and flown cells (Bottom) (Top) and ﬂpwn cells (Bottom).

AL R i

b . .

p3 ’ - 1 B
{Xenopus photographs courtesy of Dr. Raphael Gruener, University of Arizona, Tucson, AX)

Human lymphocytes flown in the BPM's maintained high viability (Figure 13) but the flown
cells did not increase in number (Figure 14) and were shown by flow cytometry to remain
mostly in a non-growth state, whereas the ground control cells responded to mitogenic stimulation
and increased in number. In a related experiment using the MDA with mouse T lymphocytes in
collaboration with Dr. Mary Ann Principato of the Food and Drug Administration, we determined

that the T-cell receptor is not affected by low-g, however; non-T cell mediated activation (Con-A)
is severely blunted in low- gravity.
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Figure 13. Viability of human T lymphocytes Figure 14. Counts of human T lympho-
in the Bioprocessing Modules on STS-56. Via- cytes flown in the BPM's on STS-56.
bilities of flight and ground cells were approxi- Ground control counts were significantly
mately the same during the test. higher than flown counts after four days.

Using the ITA MDA we have thus defined a tool for the study of mechanisms
of growth regulation and can now begin to manipulate growth factors and
mediators to expand the database on cellular signaling. This can be important to
research in the area of cancer and other immune cell disease states.

The CRIM hardware functioned well on CMIX- 2. The temperature remained within acceptable
limits as shown by plots obtained from data from the thermistors placed at several locations within
the CRIM (Figure 15 a,b,c,d thin line plots). Thermistor data indicated that MDAs 1, 2, and 3
operated below 23°C during the first four days and dropped back to 20°C for the remainder of the

mission. MDA-4 maintained the set 37°C for the four day cell tests then dropped back to 20°C as
planned.

The CMIX-2 payload demonstrated low-cost basic cell biology and
bioprocessing research and potential for manufacturing in space using the generic
multipurpose commercially-developed MDA hardware.
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Figure 15. Temperature profiles of data from thermistors located at various places inside of the CRIM.

BIODYNAMIC_CELL CULTURE SYSTEMS (ROTATORY CULTURE BIOREACTOR)

This project has both a ground-based component and a microgravity capability. In theory, the
microgravity environment of space is expected to offer a unique advantage to the culture of
anchorage dependent cells growing on microcarrier beads in that no agitation will be required to
keep cells suspended. Gentle agitation can be carefully controlled to ensure that oxygen and
nutrients are accessible to cells and metabolic products are removed from the micro-environment.
Thus, microgravity can be exploited as a way to increase the aggregation of cells of similar or
different types into tissue-density three-dimensional associations. In addition to growth of
anchorage dependent cells, microgravity may offer a very unique advantage to suspension cultured
cells by providing an environment in which selected cell types prosper and others do not
differentiate and grow. The reduced response of T-lymphocytes to mitogens in microgravity is an
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example. Because of this differential response of cells in microgravity, new ways to separate
desirable cell types may be exploited. This project is maturing rapidly and hardware can be ready
for flight by the first or second quarter of 1994.

The ground-based rotating culture devices used by this project produce a very low-shear culture
environment and appear to simulate some aspects of microgravity in that they ailow cells to remain
evenly suspended in three dimensional configuration in a gentle culture environment similar to that
expected in microgravity. Low shear culture is achieved and microgravity simulation is
approached by randomizing the gravity vector. Rotating culture systems such as these are being

used in the Bioreactor Laboratory at UAH for investigating the effect of altered gravity on both
plant and animal cells.

TH Available through econ, Inc, Friendsw
The rotary cell culture bioreactor systems (RCCS) are simple, motor driven, non-perfused 100,

250 or 500 ml volume, horizontally oriented cylindrical vessels which rotate around the horizontal
axis and operate in a standard CO, incubator. (Figure 16).

Figure 16. Two High Aspect RotaryVCelrl Culture Systems operating. in the CO7 incubator at UAH.
Rotation rate is adjustable from 0 to 75 rpm. Cells growing in the vessel are oxygenated by

pumping 95% air-5% CO, through a central shaft covered with a gas exchange membrane or by

passive air exchange over a larger membrane covering one end of the vessel. Vessel rotation at 8
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to 20 rpm is sufficient to keep cells or cell-bead aggregates uniformly suspended during the early
culture phase. As aggregates become larger as in the case of microcarrier cuitures, the rotation rate
is increased to maintain a uniform suspension. For cells growing on microcarrier beads, nutrients
are replenished by allowing beads to settle to the bottom of the vessel, removing spent medium
and replacing it with fresh medium. For suspension cells such as lymphocytes, the contents of the
vessel are removed, cells are spun out, suspended in fresh medium and reloaded into the culture
vessel. A transient disruption of the quiescent culture environment occurs during medium
changes.

Flight model bioreactors will be ready to fly in the first or second quarter of 1994. The flight
model will be an on-demand perfusion system in which a high aspect vessel is equipped with a
chamber containing fresh culture medium. This medium chamber is separated from the cell culture
chamber by a defined molecular weight cutoff membrane. High density cultures have been grown
successfully on the ground in this device, the DHARYV (Diffusion or Double High Aspect Rotating
Vessel), a modification of the RCCS.

We have used this culture system to demonstrate that mouse 3T3 osteoblasts grow in three-
dimensional aggregates and produce collagen in the matrix between the microcarrier beads
(Reported at the 1991 ASGSB meeting in Louisville). Lymphocytes exposed to anti-OKT3 in the
presence of IL.2 differentiated and secreted cytokines into the medium. We are continuing to use
the RCCS for three-dimensional modeling and mechanism research.

CONCLUSIONS

This funding supported, in part, experiments conducted on two Consort sounding rockets and
five Shuttle flights. The achievements described in this report were the result of collaborative
research among selected investigators brought into the collaboration for the purpose of gaining
specific microgravity effect information. We (Hughes-Fulford, Gruener, Lewis) showed that the
cytoskeleton is altered in low-g. Implications are that any cellular function, including signal
transduction and secretory processes, which depend on the cytoskeleton may be affected during
spaceflight. We intend to continue this research to fine tune the mechanisms of how microgravity
influences molecular assembly. We (Principato, Lawless, Ochoa, Lewis) confirmed that the T cell
receptor-mediated signal transduction pathway in T lymphocyte activation is not affected by low-
gravity compared to non-TCR-mediated stimulation (Con-A) which classically does not promote
proliferative response. This implies that microgravity may allow separation of proliferative
signaling and secretory function in lymphocytes. To use microgravity in this way can permit us to
specifically select mediators to put cells into either a proliferative or secretory state. Basic research
and commercial production of selected cytokines are potential applications for this finding. The
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demonstration of increased prostaglandin synthesis (Hughes-Fulford) during reduced bone cell
growth, suggesting an effect of microgravity on prostaglandin-induced mitogenesis, can allow us
to investigate the mechanisms controlling bone cell growth in low-g.

The funding contributed significantly to the scientific database in the areas described. We have
three, and possibly four, Shuttle flights remaining in the CMDS CMIX Program extending through
1996 or 1997. We will also have about one sounding rocket launch per year. We hope to obtain
funding from NASA Life Sciences to allow us to continue this extremely productive collaborative
research and maximize our low-g access.
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1. Lewis, M.L. "Cellular Responses to Low-g". Invited seminar, Kansas State University, Manhattan, Kansas,
Sept, 1991.

2. Lewis, M.L., M. Kumegawa, S. Doty, and Millie Hughes-Fulford. Characterization of bone cell growth and
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1991.

3. Conway, Rebecca, Adriel Johnson and Marian Lewis. Effects of microgravity on pancreatic ceils. Alabama
Academy of Science 62: 74. (1991)

4. Lewis, Marian L. Materials Dispersion and Biodynamics Project. First Annual Space Station Freedom
Utilization Conference Proceedings, August 3-6, 1992.

5. Chapes, S.K., D.R. Morrison, J.A. Guikema, M.L. Lewis, and B. S. Spooner. "Cytokine production by
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TAF section of the World Space Congress, Washington D.C., August 29-Sept. 5, 1992.
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1992.

8. Johnson, A.D., R.P. Conway, C.A. Meacham and M.L. Lewis. Effect of a low-shear horizontally rotating
culture system on embryonic chick pancreatic tissue function. American Society for Gravitational and Space
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cytoskeleton and increased prostaglandin synthesis.
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UAH experiments aboard shuttle

Dy MARTIN BURKEY
Times Science Writer

Qut of sight but not out of mind
Juring the space shuttie mission
this week is a package of experi-
ments from the University of Ala~
bama in Huntsville,

Containing vials of human, frog
and mouse celis, the experiments
could offer clues to Earth-based
ailments, UAH scientists said.

The Commercial MDA ITA ex-
periment (CMIX 02) payload occu-
pies one locker on the shuttle mid-
deck. It consists of four brick sized
automated Material Dispersion
Apparatuses. They are turned on
by the crew and allowed to run un-
til the end of the mission. This
week, they are being used to con-
duct more than 30 experiments.

The devices were developed by
Instrumentation Technology Asso-
ciates Inc. of Exton, Pa.

Principal investigator and CMIX
project manager Dr. Manan Lew-
is, of UAR, said human, mouse
and frog cells will be used to learm
how the human body responds to
living in the weightless ¢nviron-
ment of space. The research may
also give clues toward cures for
certain disesses and conditions on
Carth.

The research will focus on how
¢cell structure and function are al-
tered in microgravity and could
contribute to remedies for some of
the physiological problems of
space adaptation experienced by
astronauts, she said.

The research is sponsored by the
UAH Consortium for Materials
Development in Space CMDS.

The UAH CMDS is one of 17~

Centers for the Commercial Devel-
aopment of Space sponsored by
NASA's Office of Advanced Con-

Discovery crew

By SUSAN HIGHTOWER
The Associated Press

_SPACE CENTER, Houston —
Discovery's astronauts today
twirled the shuttle to catch the dra-
matic sunrises and sunsets in space
and began packing equipment for
the trip home.

An embarrassed NASA, mean-

verkmila simhtnmad mslar aw tlaa nea AF

No changes pl

By MARTIN BURKEY
Timas Sclence Writer

Marshall Space Flight Center of-
ficials said they plan no changes in
a shuttle booster restraining device
that broke loose during last week’s
launch of the Discovery.

Each booster has four hold-down
posts that fit into support posts on
the launch pad. During thrust
buildup after ignition, 3-inch-diam-
eter bolts hold the shuttle to the
pad. Two detonators then split the
nut atop each bolt and allow the

shuttle to lift off.

A container was added. to"thé
mechanism after the:1986- Chal-.
lenger accident to hold any Sbbrisi-
that might otherwise get;
the booster exhaust sod o
into the external liquid- foel-temk;’:
booster Project Mansger Cary}"
Rutland said. e ey

After the nut breaks; the bolt iy
supposed to slide down into.a
bucket of sund, followed by sn aln-.
minum plunger to plug the hofe
through which it was projected i’
order to keep other debris: from
dropping down, Rutland spid. “ -

The plunger apparéutly broke
iree also and fell through-the open

o M

LA N o KT

by::
.

anned in bobétgr bolt device

hole, It could have bounced into
the exhaust path but fortunately

" la:}ded in the sand bucket, Rutiand

Evidently, the fractured nut also
knocked the lip -off the plunger,
Kodesd said. . .
_V"We think it was & freak occur-
tence,” Rutland said. *If lt’comes
out. the .wrong time and place, it
becomes pad debris. With the right
plume impingement, it could
bounce around and contact the ve-
hidc.” e

. Rutland said the device has
worked correctly 29 times since it
was added.

cepts and Technology.

Scientists have learned that mi-
crogravity causes several changes
in the human body. During space
travel, astronauts and cosmonauts
have experienced bope deminetal-
ization, muscle atrophy, cardiovas-
cular deconditioning, reduced im-
mune cell response and even
decreased in red blood cell counts.
Lewis said.

These space travel-induced con-
ditions correspond to health prob-
lems on Earth such as osteoporos-
is, anemia, immune deficiencies
and other types of immune cell
dysfunctions.

Lewis said the cell experiments
flying on CMIX may give insights
into cellular-level mechanisms and
contribute to the understanding
and treatment of these Earth-based
conditions.

These live cell tests on bone cell

development, lympbocyte function
and muscle-nerve. cell responses
will contribute information for po-
tential development and testing of
drugs to modify or eliminate some .
of the undesirable effects of space
travel, said Lewis. ;% .00y

Two UAH students aiso have
experiments in the CMIX 2 pay-
load. ,

Philip Nerren, a graduate stu-
dent in biology, is flying an experi-
ment with diatoras, single celled
microscopic plants. This study is
crucial in evaluating whether dia-
toms could be used in a biological
vecycling system for air and water
for long-term space missions. The
diatoms might help recycle carbon
dioxide produced by humans.

Diatoms have a silicon cell wall
instead of cellulose, This makes
the cells more durable, Nerren
said.

The diatoms were dehydrated
hefore launch and rehydrated dur-
ing the mission and ther growth
monitored.

Dan Baker, a graduate student in
cellular biology, 'is ‘studying how
darkness affects the growth pat-
terns of algae. Algae is ecologically
impottant because it could serve as
a food, fertilizer as well as suit in-
dustrial apd pharmaceutical needs.
Several of those uses might be es-
pecially useful on a space station
or & long space flight, -

Other samples in the CMIX ‘pay-
load will study nerve cell commu-
nication, the body’s mechanism for
fighting infection, microencapsula-
tiop of drugs, AIDS, beart cells,
and germination of mushroom
spores and mustard. and mustard
spinach seeds. -+

catches sunrises; pliers embarrass NAS

tools on the launch pad and
opened an investigation into how
Discovery lifted off with a pair of
pliers stuck on a rocket booster.

NASA said the pliers posed no
danger during liftoff. But officials
were amazed the tool, 8 to 10 inch-
es long, remained wedged in a met-
al pocket on the outside of one of
the twin boosters.

NASA spokeswoman Lisa Ma-

lone said a technician for booster
TLinlial ™

vanisse mr= mmbimmd ke

pliers were missing April. 2, six
days before Discovery blasted off.

The technician told his supervi-
sor, but the supervisor never filed a
report and consequently no search
was conducted, officials said. Be-
fore launch, shuttle managers were
unawara the pliers had been lost at
the pad, Malone said.

In space, everything continued
to go well for Discovery's five crew
members on an atmospheric re-

have been taking solar readings
and measuring the shrinking ozone
layer. )

Pilot Stephen Oswald today al-
ternately turned shuttle so its bay
faced the glaring sun, then spun it
toward deep space to cool instru-
ments taking measurements of so-
lar energy.

Oswald and astronaut Ellen
Ochoa also turnmed off and put
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INSTRUMENTATION
TECIHNOLOGY
ASSOCIATES, INC.

[

Mouse bone 3T3 cells grown on coverslips in the Materials Dispersion Apparatus wells on
STS-56. The actin cytoskeleton was stained with rhodamine phalloidin. Cell growth was
stimulated with fetal calf serum for four days, then fixed and evaluated by fluorescence
microscopy after return of the CMIX-2 Payload.

; . 9ol o8
- TR S e e R

Top: Actin cytoskeleton of ground control cells run concurre.r}tly with the flight experiment.
Network of actin filaments are well defined and extend to periphery of the cell.

¥

Bottom: Actin cytoskeleton of cells flown on STS-56. The actin filaments appear bunched

and the cell shape is drastically different from the control. This data shows that the
cytoskeleton in these cells is extremely gravity sensitive.

CMDS PEER REVIEW August 18, 1993. Materjals Dispersion and Biodynamics Project, M.L.Lewis. Ph.D., Manager.
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AUTOMATED, MULTIPLE-SAMPLE MINILABS PRO-
VIDE SIGNIFICANT CBLL BIOLOGY AND SPACE
BIOPROCESSING DATA PFOR SHUTTLE MIDDECK
RESBEARCH. M.L. Lewis:! and J.M. CassantoZ2.
Consortium for Materials Development in Space,
University of Alabama, Huntsville, Alabama:
and Instrumentation Technology Associates,
Inc., Exton, PA2

CMIX-2, the second of five Commercial MDA
LITA EXperiments, was launched on STS-56 on
4/8/93. The payload, returned after a nominal
9-day mission, consisted of 35 separate ex-
periments (approximately 400 data points) in
four Materials Dispersion Apparatus (MDA)
Minilabs. Objectives of experiments on mouse,
human, amphibian and algal cell cultures,
collagen assembly, seed germination, micro-
encapsulation, fluid dynamics, and protein
crystal growth were to. expand knowledge of
low-g response and to identify potential pro-
cesses/products which can benefit from space
bioprocessing. One MDA was adapted for cells -
on coverslips, 37° incubation and triple con- ASGSB ’5
tainment. Three MDA's operated at 20° for =
plant and amphibian cells and other bio-

processing experiments. Significant informa- 1993

tion was obtained on mechanisms of bone and ANNUAL MEETING
immune cell growth and function. Altered ISSUE
cytoskeletal morphology in both mammalian and ! CALt rou Parms
amphibian cells confirmed cytoskeletal sensi-

tivity to gravity. The CMIX-2 payload demon- [ ARSTMACT AND ReGiTITION Foms
strated low-cost basic cell biclogy research Houste INFORMATION

and potential for manufacturing in space
using generic multipurpose commercially-
developed hardware for space bioprocessing.

TENTATIVE PROGRAM

OCTOBER 20-23, 1993
WASHINGTON, DC

1993 ASGSB Moamnner Ducrony
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MC3T3-E1 OSTEOBLASTS GROWN IN MICROGRAVITY ON
S§T5-56 HAVE REDUCED CELL GROWTH, GLUCOSE
UTILIZATION WITH ALTERED ACTIN CYTOSKELETON AND
INCREASED PROSTAGLANDIN SYNTHESIS. M__Hughos-

Eulford. K, Netson, S. Blaug, .G, Sum—er, 8.0, Lukefahr, AND
M.L Lews. VA Medical Center and UCSF Medical Center San
Francisco, CA 84121 and Consortium for Materials Development
in Space and The University of Alabama in Huntsville, Huntaville,
AL 35889

Spaceflight is an environmental condition where iong term
space inhabitants have lost up to 18% of weight beasing bone
during flight. Since PGE2 is postulated to be one of the key
regulators of local bone formation, it Is possible that a dysfunction
of its synthesis or action might play a role in reduced ostsoblast
growth seen in spacefiight. in this study, we investigated whether
bone growth was Inhibited in spacefiight in the absence of
hormonal changes or by changes in PGE synthesis or its action.
The osteoblasts were launched on STS-58 in a quiesoent state,
fetal calt sera (FCS) was added after 16 hours of microgravity
exposure. After four days of growth in space we fixed the cells
before return to Earth's gravity. Ground controls were treated in
the same manner. Upon landing, we examined cell number, cell
cytoskeleton, glucoss utlitzation and prostagiandin synthesis.
Using microscopic methods, we found that osteobiasts grew more
slowly in spacefight, with the number of celis grown in
microgravity being roughly 2/3 of those on the ground. Secondly,
we found the cytoskeleton of the fiown osteoblasts to have altered
actin structure, uniike any actin architecturs we have saen before.
The fiown celis used less glucose than their ground controls.
Finally, even with reduced glucose utiiization and cell number, the
fiown ocelis had a significant 1.69 fold increase in prostaglandin
synthesis when compared to ground controls. Taken together,
these data suggest that microgravity directly affects the growth of
osteoblasts resulting in reduced glucose utilizetion. The surprising
increase In prostagiandin synthesis during reduced growth of the
osteoblasts may be the resut of an uncoupling of the

prostagiandin stimulatory pathway of bone mitogenesis in
microgravity .



THE UNIVERSITY OF

llege of Medicine ARIZON A Tucson, Arizona 85724
partment of Physiology : (602) 626-6511
HEALTH SCIENCES CENTER FAX (602) 626-4884

EXPOSURE TO MICROGRAVITY ALTERS PROPERTIES
OF CULTURED MUSCLE CELLS. R. Gruener, R. Roberts &
- R. Reitstetter. U. Arizona; Tucson AZ 85724.

Significant morphological and functional changes take
place in primary cultures of Xenopus myocytes and neurons after
rotation in the slow clinostat (i,ii). To test if these cells are
sensitive to the actual microgravity of space, we flew primary
cultures of myocytes in the presence of polylysine-coated
polystyrene beads which, like neuron, induce acetyicholine
receptor [AChR] clustering. Cell cultures were mounted in the
MDA hardware (ITA technologies; John Cassanto, President), in
collaboration with Dr. Marian Lewis (University of Alabama) on
STS-52 and -56 flights. Cells were exposed to beads within 24 hrs
of orbit entry and were fixed prior to re-entry (exposure to
microgravity, before fixation, was 9d for both flights). Data
analysis revealed: decreased cell and nuclear surface areas,
decreased actin filament linearity, and increased actin filament
"cabling”. AChR aggregation was decreased in response to bead
contact, and in fluorescent bungarotoxin binding area present in
bead-associated clusters. Data from these flight experiments show
better than 80% (by parameters assayed) concordance with results
from the slow clinostat. We interpret these results to provide

) ”- further evidence for 1) cellular changes in altered gravity, 2)
ASGSB s possible involvement of the cytoskeleton in gravi-sensing. and 3)
usefulness of the clinostat as an earth-bound simulation paradigm.
1993 i
. ANNUAL MEETING | i. Gruener, R. & Hoeger, G. Vector-Free Gravity Disrupts Synapsc
' ISSUE ‘ Formation in Ccll Culture. Am. J. Physiol. 258: C439-C494. 1990,
! Cats rox PAPIRS . ii. Gruener, R. & Hoeger, G. Vector-Averaged Gravity Alters

Myocyte and Neuron Properties. Av. Space Env. Med. 62:1159-1165. 1991.
Supported by a NASA contract (RG) and a Res. Associate (RaR).
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EFFECTS OF MICROGRAVITY ON LEUKOCYTE GROWTH CONTROL AND
FUNCTION. ((M.L. Lewis!, M.A. Principato?, B.D. Lawless, D.R. Morrison®, W.C.
Kapp. S.L. Strobl’ and A.C. Ochoa®)) Department of Biology. University of Alabama.
Huntsville, AL 35899!, Immunology Branch. Food and Drug Administration, Laurel, MD
207082, Department of Cellular immunology. Rockefeller University, NY, NY 100213,

NASA Johnson Space Center, Houston, TX 770584 and Program Resources Inc/DynCorp,
Frederick MD 217025,

Spaceflight results in significant reduction in mitogenic activation of human T lymphocytes.
Causal mechanisms sre not understood though cell contact and macrophage function are
implicated. We evaluated microgravity effect on lymphocyte responsiveness, cytokine secretion
and signaling through the T cell receptor (TCR) compiex. Human or murine T lymphocytes
were exposed to: non-TCR binding Con A, an efficient activator of resting T cells in unit
gravity but not in microgravity; anti-CD3 plus [L2; and superantigen Suphylococcal
Enterotoxin B (SEB) in the presence of Class I presenting feeder [ayers in unit-gravity and on
Space Shuttle flights STS-50, 52, 54, and 56. Cells were exposed to mediators for two to 94
hours followed by fixation of flown cells in microgravity. The human peripheral blood
mononuciear celis (APBMC), exposed to Con-A remained primarily in G1 during spaceflight
while ground controls progressed through the replicative cycle. Glucose utilization, sig-
nificantly lowered in spaceflight, confirmed reduced metabolic activity of Con-A treated cells.
However, stimulation of normal hPBMC in flight with anti~-CD3+1L2 resuited in activation
and appreciable cytokine production (gamma-[FN, GM-CSF, IL-1beta, and IL-6) confirming
previous flight results indicating significant changes in cytokine secretion. Stinmiation of
purified murine splenic T cells through direct engagement of the T cell receptor with the SEB
superantigen or via the TCR-associated CD3 molecule using anti-CD3+I1.2 was also achieved
in microgravity. In both instances, the murine T cell populations transitioned into DNA syn-
thesis (S phase) and mitotic division (G2+M), indicative of cellular proliferation. We conclude
that T cell activation via the TCR-mediated pathway is unaffected by microgravity while non-
TCR-mediated activation, canfirmed by poor proliferative response to Con A, does not promote
cell division in microgravity. Our results suggest that microgravity may permit separation of
proliferative signaling and T cell responsiveness and thus provide an unparalleled opportunity
to investigate basic cellular mechanisms controlling growth and function.

Submitted to the 1993 Annual Meeting of the American Society for Cell Biology

Charles A. Lundquist

Francis C. Wessling
Associate Director

Valerie Seaquist
Assistant Director

James K. Baird
Principal Scientific Advisor
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PRE-METATARSAL ORGAN CULTURE IN MICROGRAVITY. Brenda J.
Klement and Brian S. Spooner, Kansas State University.

A potentially debilitating effect of spaceflight is the
demineralization and abnormal deposition of bone ECM. Most of
the data on mineralizing tissue in microgravity are from adult
bone. Less is known about growing bones with active growth
plates, and even less is known about microgravity effects on
formation and initial calcification of the growth plate. We
have flown an explant organ culture system, using the pre-
metatarsals from embryonic mice, in experiments on two shuttle
flights. 1In ground based culture, pre-metatarsal mesenchyme
is removed from day 13 embryos. By culture day 3, the cells
have differentiated into chondrocytes and organized into
cartilage rods. With further culture, some cells terminally
differentiate into hypertrophied chondrocytes. The matrix
surrounding the hypertrophied cells calcifies, documented in
our cultures by alizarin red staining, establishing the
initial site for osteoblasts to begin bone deposition. For
microgravity experimentation, we modified the culture system
for use in available flight hardware. On STS-54, in the CGBA
payload, we did our culture experiments in Bioserve FPAs.
Pre-metatarsals were placed on the membranes of Millicell
units, covered with Matrigel, and cultured in medium-filled
FPA chambers. At 8 hours MET, some cultures were fixed and
some were given additional medium. At MET S5 days 2 hours, all
cultures were fixed. Histology shows differentiation during
flight into cartilaginous rods. No conspicuous differences
were noted between flight tissues and ground controls. A
second flight opportunity was on STS-56, where we flew older
pre-metatarsals in the CMIX payload. Little evident growth
occurred in flight or in grou:.d controls, but the tissue
remained healthy for the 4 dazy e«periment.

ASGSB Al
1993
‘ - . ANNUAL MEETING
i ;\ Center for Basic Cancer Research ISSUE
; Division of Biology
| B2y Ackert Hall - CaL rox Parms
, —Y Manhattan, Kansas 66506-4903 ASSTRACT AND REGISTRATION Fones
: = 913-532-6705 : |
— FAX: 913.532-6653 Housmic Inromaion
TENTATIVE PROGRAM
OCTOBER 20-23, 1993
WASHINGTON, DC

I 1993 ASGSB Mnuomsur Dmacrosy

e ———————




THE UNIVERSITY OF [OWA

Human Splenic B Cell Activation /n vitro is Not Impaired by
Microgravity (1g). G.A Nail!, LA Love-Homan'. C. Summere, D.W.

Sammons® anad ML Lewis: Universities of lowa, Alabama,
HuntsvilleZ, and Arizonas.

We tested the hypothes:s that human spisnic B lymphocytes are
resistant to /n vitro activation in microgravity (ug) by stimuiation and
fixation aboard STS-86.
Methods: Normal human splenocytes derved from living orgen donors
were prepared by densily gradient centrifugation and kept frozen untii
use. The cells were thawed and loaded into the weiis of a Materials
Dispersion Apparstus (MDA. ITA) at L-30 hr and maintained at 20°.
The ceils were actvated in flight at 37° with one of medium,
lipopotysaccharide (LPS), S. sureus cowan (SAC), «-CD3 or CD40
ligand at L+16 br then fixed at L+5 days in modified PLP. Simultaneous
ground-basea controls were performed. Staining and ceil cycle analysis
were performed post-flight using propidium iodide staining and FACS.
Data: Substantial ectivation of human B ceils was evident with soluble
(LPS), membrane bound (SAC, CD4O0 ligand) and ceil-contact (x-CD3)
reagents. The magnetic beads used for mixing the cultures exhibited
the ability to activate the cultures, increasing “background” activation.
As shown below, no significant difference in the fraction of cells entering
celi cycle in flight {ug) vs. ground-based controls was evidant.

% Colis in Cycie:

Activating Agont Ground-Base Flight
Medium 48.5 51.4

LPS 81.8 764

SAC 84.6 81.4

«-C03 04 4 99.8

CDA40 Ligand 88.8 88.8

Conciusion: Under these sxperimentai conditions, /n vitro activation of
human spienic B cells was not impaired by 9.
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Superantigen-mediated T cell Receptor
Stimulation in Zero Gravity.

M.A.Principato*, B.D. Lawless~, M. Lewis o.
*Immunobiology Branch,CFSAN, Food and Drug
Administration, Laurel,MD. “Rockefeller

University, New York. O Univ. of Alabama,
Huntsville, AL.

We examined the responses of purified
murine T cells following potent in vitro
stimulation of the T cell receptor complex
(TCR) during the STS-56 mission of April
1993. Murine splenic T cells were stimulated
by engagement of the TcR associated-CD3
molecule using an anti-CcD3 monoclonal or by
direct stimulation of VB8 and V36 T cell
subpopulations with a superantigen,
Staphylococcal Enterotoxin (SEB).
Proliferative responses were assayed by
measurement of accumulated DNA content via
flow cytometry as an indicator of
progression through the mitotic cell cycle .

The results demonstrate that direct
Stimulation of the CD3-TcR complex by the
2Cll1 monoclonal or engagement of the
appropriate VA families by SEB resulted in
proliferation in matched ground controls and
Cultures activated in orbit. These data
indicate that zero gravity does not preclude
Primary activation of T lymphocytes via
direct engagement of the TCR complex, and
that the stoichiometry between SEB, class
II molecules, and the appropriate T cell
receptor is maintained in zero gravity.
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